The dynamic response of railway bridges is a problem of the resonant response of girders that occurs because bridges are excited at a constant period by running trains. In general, this is referred to as "the speed effect of multiple-axle moving loads." In this study, vehicle running tests were performed to examine 56 bridges of various structural types and span lengths. The impact factor was measured to be about 1.0 on four girders, and the damping ratio as low as 0.02. Based on the results of these running tests and numerical analysis, a revision of the railway design standard was proposed, to cope with the speed-up of trains.
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The dynamic response of railway bridges and viaducts at train passage generally tends to increase as train speed becomes higher. In other words, a train composed of multiple vehicles is similar to an excitation machine that oscillates a structure at a constancy frequency. When the excitation frequency becomes close to matching the natural frequency of the structure as a result of train speedup, it causes resonance to subsequently increase the dynamic load on the structure. This is referred to as the speed effect of multiple-axle moving loads. A number of theoretical approaches, model experiments and actual bridge measurements have already been conducted in the past 1)-4) .
In the design code that specifies the dynamic response of girders taking into account the speed effect, a method to use a speed parameter was adopted in the Structural Design Standard (for structures with reinforced concrete and plain concrete) revised in 1983. This method was proposed based on a theoretical study conducted by Matsuura 1) , statistical analysis by ORE 2) and actual measurement results by Ishibashi and Nagata 3) . In the standard, a design method to avoid resonance was adopted. The lowest limit of the structural rigidity of girders (natural frequency) was also included in order to avoid the resonance.
The Design Standard for Railway Structures (for concrete structures, abbreviated as the '92 Standard) revised in 1992 4) was permitted designs that allow resonance to some extent provided that a commentary table was used 5) . However, due to higher train speed and a spread of low rigidity PRC girders, the number of cases where the '92 standard can not appllied is increasing 6) . Therefore, it is required to establish a more practical and economical method to calculate the design impact factor.
In this study, the effect of train speed on the dynamic response of girders, the influence of span length and the damping ratios of girders were evaluated by numerical analysis, and a predominate parameter for design methods at higher speed were clarified first. Next, in order to verify the impact factor derived from the above numerical analysis, actual vehicle running tests were conducted on actual structures, taking into account the rigidity of girders, their damping ratio, and train speed. Based on these results, a design method was finally proposed for concrete girders to cope with train speed-up.
2. Design impact factor 2. Design impact factor 2. Design impact factor 2. Design impact factor 2. Design impact factor Now, let's briefly review the design impact factor according to the '92 Standard 4) . The increased portion of dynamic member forces or deflections caused by the passage of a train to that of the static ones is called the impact factor. Concrete structures are normally designed by replacing the dynamic effect with a static value (by substituting a static value for the dynamic effect) by multiplying static train load by the impact factor. According to the '92 Standard, the design impact factor of a girder can be calculated by Eq. (1).
. where i is the design impact factor; the first term on the right side i α is the impact factor of speed effect; K α is the coefficient to conduct a first approximation of the results where ν is the maximum train speed (km/h); f is the natural frequency of girder; L b is the span length of girder (m). The second term on the right side is the impact factor of vehicle vibration i c caused by track and vehicle irregularities.
The '92 Standard sets an upper limit of 0.6 for α<0.33 by using known measurement data 4) for reference. K α is effective for α ≦ 0.4. However, this value has become increasingly out of range in recent years due to lower girder rigidity even at a train speed of 260km/h. is a program developed by the authors to analyze the dynamic interaction between railway vehicles and structures 7) . Figure 1 shows the dynamic model of vehicle. Table  1 shows input data in the vehicle model. The vehicle is modeled as a 3-dimensional mass system where a vehicle body, truck frames and wheelsets are connected by springs and dampers. In analysis, a train is composed of several vehicles. Railway structures can be modeled with various finite elements such as truss, beam, shell, solid, mass, damper and nonlinear spring elements.
Study by numerical analysis
To establish dynamic equations of a train and structures, DIASTARS introduces continuous conditions of vertical displacement and roll angle between wheels and rails, and a constitutive equation of creep mechanics for the horizontal and yaw to describe the relationship between creep forces and slipping rates of the wheel.
Equations of motions of a train and structures are solved in the modal coordinates for each time increment ∆t by the Newmark time difference scheme. Since the equations are nonlinear, iterative calculations are necessary during each time increment until the unbalanced force between the train and railway structures becomes small enough within the specified tolerance.
Analysis with non-vibrant constant load (analysis
method II) Along with the above analysis method, Dynamic and Impact Analysis for Railway Structure (DIARIST) , which considers a train as non-vibrant constant moving loads, is another method concurrently in use. This program can only be used to analyze the dynamic response of girders while disregarding the interaction between vehicles and structures, but calculation time is 1/100 that of analysis method I. Therefore both methods can be used, depending on the purpose.
3.2 Impact factor of speed effect 3.2 Impact factor of speed effect 3.2 Impact factor of speed effect 3.2 Impact factor of speed effect 3.2 Impact factor of speed effect
Examination method
First, the basic characteristics of the impact factor under a multiple-axle moving load i α was precisely analyzed numerically by using analysis method II, while clarifying the dominant parameter 8)-10) . A train composed of 16 cars, each 25m in length, was used to model a multiple-axle moving load. Girders were modeled as simply supported by using beam elements.
Natural frequencies of girder f were assumed as described in Fig. 1 , by using recent design examples for reference. Analysis was conducted by the modal method. 
Influence of train speed
where f is the natural frequency of girder; L v is the distance between loads (it can be the same as a vehicle length of 25m in the case of a Shinkansen on a bridge). Resonance peaks are observed at 1/2 and 1/3 of the value of Eq. (3), corresponding to the 2nd and 3rd resonances, respectively, in the 1st vibration mode.
Influence of span length
The influence of span length becomes apparent when using a dimensionless span L b /L v . As shown in Fig. 2 , when the span length L b is longer than 50m (dimension-T T T T 
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, the impact factors at the resonance peak lessen. The reason is considered that the repetitive effect is reduced due to deflection of a girder is generated by the multiple loads (trucks) at L b >L v .
For the impact factor, there is a span length, at which the 1st resonance is diminished. The dimensionless span, which minimizes dynamic response, is expressed by Eq. (4).
These are singularity points, where residual vibration is zero in non-damping vibration because the repeated effect of multiple loads is diminished. In contrast, when a dimensionless span L b /L v equals an integer number, the impact factor tends to increase. Similarly, the span at which the 2nd resonance is diminished, is expressed by Eq. (5) . Figure 3 shows the influence of the girder damping ratio ξ on the impact factor of speed effect. A study is
Influence of girder damping ratio
integer number and thus the impact factor becomes larger. It can be seen that both the 1st and 2nd resonances are greatly affected by the damping ratio ξ.
It can also be seen, for example, that the impact factor when the damping ratio is 2% is greater than twice that when the damping ratio is 5% at any resonance peak. When the design standard is discussed to cope with train speed-up, therefore, the damping ratio ξ should be determined appropriately.
3.3 Impact factor of vehicle vibration 3.3 Impact factor of vehicle vibration 3.3 Impact factor of vehicle vibration 3.3 Impact factor of vehicle vibration 3.3 Impact factor of vehicle vibration
Examination method
The impact factor of vehicle vibration was studied next 1) 10) . More specifically, a comparison was made be-tween the vibrating 16-car train model (analysis method I) and the multiple-axle moving load train model (analysis method II) to evaluate their influence on the impact factor. The girder was assumed to be a simply supported structure and modeled by using finite elements. The whole structure was then assumed to be composed of 10 girders of the same span length aligned in succession to excite a vehicle. Each girder was modeled as a beam element and models with span lengths of 12.5m, 25m, 38m, 50m and 60m in consideration of the actual design of weight and rigidity. Figure 4 shows a track irregularity wave profile in the vertical direction used in the analysis. For the track
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Damping ratio = 2.0% ξ irregularity, the wave profile measured from a currently operating Shinkansen line was used. The maximum zeroto-peak amplitude was adjusted to 7 mm by taking the current standard value of track maintenance into account. Train speeds up to 350 km/h were assumed and impact factors of vehicle vibration were calculated for each girder. Figure 5 shows the analysis results. In the '92 Standard, the power spectrum density (PSD) is assumed for wheel load variation, and based on which, a sample wheel load wave profile is calculated through simulation. After that, the impact factor of the girders is calculated by loading it on each girder 1) . As seen in Fig. 5 , it can be confirmed that the results from the dynamic interaction analysis exceed the value analyzed by conventional PSD at a dimensionless span L b /L v =1.0 where the resonance peak becomes larger.
Influence of vehicle vibration
In the '92 Standard, the impact factors of speed effect and vehicle vibration were handled independently and the sum of the two factors was used as in Eq. (1) .
At specific points of the bridge, however, different vehicles show almost similar wheel load variations. Therefore, repeated axle loads are constantly given at the points where a vehicle has a large vibration due to track irregularities. In the strict sense, they work as a numerical product as shown in Eq. (6). Figure 6 shows the impact factor of vehicle vibration i c evaluated as a mathematical sum and product based on the results obtained from analysis methods I and II.
Using the sum evaluation, the term i α ･i c in Eq. (6) In order to verify the impact factor derived from the numerical analysis shown in Section 3, actual vehicle running tests were conducted on actual structures 10) . Table 2 shows the structures used for measurement.
The impact factor of a girder was calculated using its deflection. Deflection was obtained by subtracting the displacement at both ends of span from the deflection at the center of span. A ring-type displacement sensor was used to measure deflection. The sampling frequency was 100 kHz (for lower speed) to 200 kHz. The static deflection, which was used as a base to calculate the impact factor, was actually measured by operating a train at 30km/h. Because the measured structures were immediately after construction, the impact factor of vehicle vibration caused by track irregularities was considered to be small. Therefore, the measured results were composed with these using analysis method II. Girder rigidity was calculated in the static running tests and based on the residual wave profile (free vibration wave). Also damping ratio ( for analy-sis was obtained by calculating the logarithmic damping rate from the residual wave profile (free vibration wave). Figure 7 shows the measured natural frequency. Measurements were obtained mainly for simply supported girders. Thus, the natural frequency was calculated in the static running tests and based on the residual wave profile (free vibration wave) after passage of a train. The resonance speed obtained from the Eq. (3) is also shown in Fig. 7 .
In previous design standards, a method to control rigidity (natural frequency) was used to avoid excessive dynamic response. However, the designed rigidity of most girders after the '92 Standard has decreased to less than 70L b -0.8 , which is the limit value for 260km/h operation. In the Fig. 7 , it can be seen that the actual measured natural frequency tends to be higher than the designed one. A summarization of individual data proves that the rigidity of actual structures does not fall below the de- Fig. 7 Relation between span length, natural frequency Fig. 7 Relation between span length, natural frequency Fig. 7 Relation between span length, natural frequency Fig. 7 Relation between span length, natural frequency Fig. 7 Relation between span length, natural frequency and resonance speed and resonance speed and resonance speed and resonance speed and resonance speed T T T T Fundamental natural frequency f (Hz)
Designed values
Measured values 1st resonance speed (km/h) 2nd resonance speed (km/h) Fig. 9 T Fig. 9 T Fig. 9 T Fig. 9 T Fig. 9 Time-series wave profile at the center of span ime-series wave profile at the center of span ime-series wave profile at the center of span ime-series wave profile at the center of span ime-series wave profile at the center of span signed value and spreads in a range up to twice the designed value. This increasing tendency of rigidity is the same as that observed in previous measurements 1)3)9)10) and the reasons for this are considered to be the influence of non-structural member, such as the concrete between girders, concrete used for water discharge gradients and track structure, and also the influence of the increases in the actual concrete strength (increases in the Young's modulus due to higher concrete strengths). Figure 8 shows the relation between span length L b and damping ratio ξ 3) 10) 11) . In Fig. 8 , the damping ratio varies from 1% to 5%. This variation was observed even with girders of the same span, structure type, bearing type and structure. Therefore, it was difficult to make quantitative evaluation beyond the overall tendency from limited measurements.
In the '92 Standard, a simulation was conducted by assuming a damping ratio of 5% 5) . However, the damping ratio derived from actual measurements of girders in this study was less than this assumption. The '92 Standard referred measurements shown in reference 3) . However these values varied from 1% to 5% like those in this study. 4.4 Impact factor 4.4 Impact factor 4.4 Impact factor 4.4 Impact factor 4.4 Impact factor Figure 9 shows samples of the time-series deflection wave profiles at the center of span. Figure 9 (a) is a sample of the time-series wave profile at the 2nd resonance. The measured value accurately agrees with the characteristics of the 2nd resonance where the train excites the girder every other time of the natural frequency vibration of the girder. These values also correspond to the results from numerical analysis. Figure 9 (b) is a sample of the time-series wave profile of the 1st resonance. The measured value shows characteristic of the 1st resonance where the natural frequency of the girder agrees with the excitation frequency by the train. From the measured values, the resonance amplification caused by the passage of a 10-coach train on the girder can clearly be understood. This is the first case where clear resonance has been observed through actual measurement, to make these measurement results that demonstrate the resonance phenomena very valuable. Figure 10 shows examples of the relation between train speed and impact factor at the center of the span of measured structures. 
Impact factor i Impact factor i Impact factor i Impact factor i Impact factor i Fig.   9 (a) ). On the girder at a span of 30m or less, except for low rigid girders, the 1st resonance seldom becomes a problem at the operating speed of Shinkansen and normally focus is on the 2nd resonance. The measurement data shows the 2nd resonance, agreeing with the results of numerical analysis. Figures 10 (b)-(f) show examples of the 1st resonance. At the resonance speed calculated by Eq. (3) , a clear resonance response can be seen. The girders in Fig. 10 (b )-(f) also show a clear resonance wave profile as described in Fig. 9 (b) . Measurements were conducted three times and high reproducibility of wave profile was also observed. Figure 11 shows the maximum impact factors among all the measured structures in this study. Because of trains speed-up and the recent use of low rigidity PRC girders by the limit state design method, the maximum impact factors of girders in this study were approximately 1.0 and larger than those designed under the rigidity limit of allowable stress design method.
Under limited running test conditions, it was very difficult to match train speed with the resonance speed of each structure. Therefore, small impact factor values were included in Fig. 11 . When train speeds matched resonance speeds, however, clear wave profiles and impact factors that agreed with the numerical analysis were obtained 9) 10) .
5.
Design method coping with train speed-up 5. Design method coping with train speed-up 5. Design method coping with train speed-up 5. Design method coping with train speed-up 5. Design method coping with train speed-up For the impact factor of speed effect in the future design standard, when considering a train speed of 400km/h and lower girder rigidity, it is necessary to target a speed parameter of up to 0.8. The 1st approximation shown in Eq. (1) with K a is a method to express the base area of the resonance peak and does not easily attain resonance within the limits of rigidity, so it is not a method to adequately express the resonance peak.
Therefore, we propose that the future method directly read in the results of numerical analysis. Figure 12 shows examples of the impact factor values of speed effect used in the design. These are given as a function of speed parameter α and dimensionless span L b /L v . For actual design, the function i α (α, L b /L v ) given as figures or in a file is used.
Here, the damping ratio ξ defined in Fig. 12 is important. The value of 5%, which has been conventionally used, is clearly overestimated. Therefore, revision based on actual measurements is necessary. The damping ratio based on actual measurements was sometimes 1%. After taking into consideration the reduction of response contributed by non-structural member and the tendency of the damping ratio at the resonance peak, however, the value of 2% was actually adopted.
The impact factor of vehicle vibration does not work as the sum with the speed effect, but as the product with it, so to correspond to increasing speed, Eq. (6) is used for design. 
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Conclusions
The findings obtained from this study are as follows.
(1) The impact factor of speed effect was demonstrated through numerical analysis and verified by measuring 56 actual structures. Resonance responses, which proved the validity of numerical analysis, were then confirmed. (2) It was evident through numerical analysis that the impact factor of vehicle vibration was not expressed as the sum with the speed effect, but as the product of them.
(3) The measured damping ratios ξ of girders varied from 1% to 5% as a whole and these were lower than the value of 5%, which had been conventionally used. (4) As a design method to cope with train speed-up, we proposed direct reading-in of the results derived from numerical analysis by setting the damping ratio at 2% and the applicable range of speed parameter up to 0.8.
